Abbreviations: 3D, three-dimensional; F, female; M, male. Note: Demographics, patient pathologies, and the methods by which 3D printing was used for preoperative planning enumerated for each case. Case reports were identified using the following search strategies on PubMed: 3D printing AND maxilla reconstruction, 3D model AND maxilla reconstruction.
Maxillary defects provide a unique challenge to the reconstructive surgeon. These defects have significant consequences, including chronic fistulization, wound breakdown, infection, and facial contour irregularities. Many different attempts have been made to reconstruct maxillary defects, including soft tissue local or free flaps, osseointegrated implants, nonvascularized bone grafts, and vascularized bone grafts. Soft tissue flaps provide well-vascularized tissue to cover the bony defect; however, they do not reconstruct "like with like," atrophy over time, and they lack structure for dental implants. Osseointegrated implants may be custom-designed to fit particular defects, but the patient must have adequate bony architecture for implantation.
Vascularized bone grafts have significant advantages over nonvascularized grafts, including improved biologic and mechanical properties. [1] [2] [3] [4] Vascularized bone flaps used in the reconstruction of the mandible and maxilla include the osteocutaneous scapular flap, 5 osteocutaneous groin flap, 6 free rib transfer, 7 free fibular osteocutaneous flap, 8 and distal femoral bone grafts. 9 The medial femoral condyle (MFC) flap has the potential to provide many benefits in maxillary reconstruction. The corticoperiosteal free flap is based off branches of the descending genicular artery (DGA) that originate off the superficial femoral artery. The MFC flap can be harvested with cancellous bone, providing well-vascularized cancellous bone while still maintaining cortical strength. In comparison to the fibula flap, the MFC flap has a greater ratio of cancellous to cortical bone, while still maintaining a thick Keywords ► 3D printing ► medial femoral condyle flap ► maxillary reconstruction
Abstract
Background The medial femoral condyle (MFC) flap is a well-vascularized corticocancellous flap based off the descending genicular artery that can be used to reconstruct difficult bony nonunions. Although frequently used in reconstruction of extremity defects, the MFC flap is rarely used in maxillofacial reconstruction.
Methods We present a case example of an MFC vascularized corticocancellous free flap for reconstruction of an ameloblastoma maxillary defect. Additionally, we describe our use of a three-dimensional (3D) template to create an intraoperative osteotomy model for contouring the MFC flap.
Results Preoperative 3D printing of the maxillary defect and design of a methylmethacrylate template enabled the precise and rapid contouring of a well-vascularized bone flap. Postoperative 3D CT scan demonstrated satisfactory positioning of the MFC flap within the maxilla. Conclusion The 3D printing technology continues to advance craniofacial reconstruction and allows for the efficient and precise creation of vascularized bone flaps. The MFC vascularized flap has the potential of becoming a workhorse flap in maxillary defect reconstruction alongside the use of 3D printing technology. cortex (MFC: 1.6-3.0 mm thickness within 10 cm joint line for MFC, fibula: 2.3 mm thickness uniformly). 10 Previously described MFC reconstructions include upper and lower extremity defects, 4,11 scaphoid nonunions, 12 recalcitrant humeral nonunions, 13 foot and ankle defects, 14 and thumb defects, 15 in addition to maxillary and mandibular defects. 9, 16 Three-dimensional (3D) printing has emerged as a revolutionary technology that possesses the capacity to fabricate accurate physical models of human anatomy from medical imaging and modeling data. 17 This printing has been used in plastic surgery for surgical planning, development of custom prosthetics, tissue engineering, and resident education. 18, 19 Craniofacial reconstruction has been a leader in 3D printing technologies in the medical field, 20 where surgeons can perform complex functional and aesthetic reconstructions with high degrees of efficiency and quality. 21, 22 The use of patient-specific 3D models to plan maxillary reconstructions is still a novel technology that has not been heavily documented within the literature. These maxillary reconstructions included use of 3D stereolithography models for fabrication of titanium maxillary prosthesis or 3D resin models for free fibula or iliac bone crest flap reconstruction (►Table 1). [23] [24] [25] [26] [27] We present a case of the MFC vascularized corticocancellous free flap for reconstruction of an ameloblastoma defect of the maxilla with use of a 3D printing template.
Case Report
A 17-year-old nonsmoking adolescent boy had undergone resection of ameloblastoma of the left maxilla 3 years prior, after which he remained cancer free but continued to have a considerable bony defect. This deficiency resulted in nasooral fistula and the inability to place an osseointegrated implant due to lack of bone stock.
The decision was made to use free vascularized osseous tissue from the MFC to obliterate the sinus and reconstruct the bony defect. In planning for the reconstruction, a 3D printer (Boston Children's Hospital) created a model of the craniofacial skeleton from a preoperative 3D computed tomography (CT) scan reconstruction (►Fig. 1A). Based on the bony defect of the 3D model, a methylmethacrylate template was fashioned and sterilized for use in the operating room (►Fig. 2).
Intraoperatively, a team of surgeons prepared the recipient site whereas another team harvested the MFC flap. The donor site team identified the vastus medialis muscle and clipped branches of the descending geniculate artery (DGA) within the muscle. The DGA was found at its point of filigree on periosteum with transverse and longitudinal branches (►Fig. 3). The saphenous artery branch provided a large cutaneous perforator at this level; however, upon further evaluation of the available intraoral lining, it was decided that no cutaneous paddle was required for reconstruction. Thus, the dissection of the flap proceeded in a free osseous corticocancellous fashion without cutaneous paddle.
To maximize the use of vascularized periosteum, the methylmethacrylate template was used to design a flap based on the split point between the longitudinal and transverse potions. The MFC was osteotomized at a depth of approximately 2 cm with use of a sagittal saw. To prevent Concurrently, the team preparing the recipient site raised intraoral flaps through the prior alveolar sulcus incision. The residual maxilla was entered, scar removed, and surrounding bone and tissue resected to reveal healthy tissue for recipient of a vascularized bone graft. The preoperative templates were placed and verified to match the harvested corticocancellous graft from the right femur. Through a preauricular incision, the superficial temporal artery and vein were identified and dissected as recipient vessels. The femoral vascularized graft was transected and transferred to the left maxilla for an end-to-end anastomosis between the superficial temporal vessels and the descending genicular vessels. The site of femoral harvest was packed with allogenic bone graft and closed. The intraoral flap was inset and skin closed. Doppler flow was established throughout the course of the pedicle with an external stitch placed for flap monitoring.
The postoperative 3D CT scan demonstrated satisfactory positioning of the MFC flap within the maxilla (►Fig. 1B). The patient recovered well from the free flap with minimal donor site morbidity, including immediate postoperative pain that improved. He ambulated on postoperative day 1 with a knee brace. Of note, his postoperative course was significant for breakdown of the intraoral incision with exposure of the bone graft, which required a radial forearm free flap (RFFF) for soft tissue coverage 1.5 months later. The patient recovered well after the RFFF and has had no other complications. 
Discussion
The MFC flap provides well-vascularized corticocancellous bone for the reconstruction of maxillary defects. The maxilla offers a particularly challenging site for reconstruction given its anatomic location, shape, and function. In this patient, fistulization at the site of the defect required well-vascularized tissue coverage. Replacing deficient bone with a vascularized bone flap allows for restoration of maxilla architecture with similar biologic and mechanical characteristics as well as excellent bone quality for future osteointegrated implants.
Other vascularized bone flaps, such as the scapular, free rib, iliac, and fibular flaps, do not have the same ability to reconstruct complex 3D structures. The corticocancellous vascularized tissue of the MFC flap can be contoured to fit unique bony deficits. The perfusion of the DGA has been found to be large and reliable, approximately 13.7 cm proximal to the joint line, allowing the MFC to provide vascularized reconstruction for larger bony deficits that may have traditionally been reserved for fibula flap reconstruction. 28 Furthermore, the MFC flap results in minimal donor site morbidity, as experienced with our patient. A previous study used radiographic evidence to demonstrate 100% osseous integration, no findings of degenerative joint disease, and minimal unassisted bone regeneration at the donor site at greater than 1 year postoperatively. 29 Santamaria and Cordeiro described a classification system of maxillectomy defects for midface reconstruction. 30 The algorithm divides maxillary defects into four types based on the extent of maxillary bone resection in addition to associated defects of the soft tissue, palate, and orbital contents. Type I defects are "limited" maxillectomy defects, with orbital floor and palate intact, which have small volume and large surface area requirements. These defects are typically reconstructed with the radial forearm flap and less frequently with the lateral arm flap, anterolateral thigh (ALT) flap, or scapular flap. Type II defects are "subtotal" maxillectomy defects involving the palate, which have medium volume and large surface area requirements. Type IIA includes a palatal defect of less than 50%, for which a skin graft and palatal obturator may be used for reconstruction. Type IIB includes a palatal defect of greater than 50%, for which a radial forearm osteocutaneous flap is recommended. The free fibula flap has been described as too bulky for this reconstruction. Type III defects are "total" maxillectomy defects with involvement of the palate and orbital floor. Type IIIA defects are total maxillectomy with sparing of orbital contents, which have medium-large volume and medium-large surface defects. These defects require both orbital floor and palate reconstruction, for which nonvascularized bone graft and soft tissue reconstruction with a rectus abdominis flap are used. Type IIIB defects are total maxillectomy with orbital exenteration, which have large volume and large surface area defects. Reconstruction requires closure of the palate, nasal lining, eye defect, and anterior cranial base, for which a rectus abdominis flap is used. Type IV defects are "orbitomaxillectomy," which are large volume and large surface area defects with an intact palate. These defects require soft tissue fill for which a rectus abdominis flap is used. [30] [31] [32] In our case the patient had a type IIIA Total maxillectomy defect with sparing of orbital contents, for which he had prior reconstruction of the orbital floor. The MFC flap provided wellvascularized corticocancellous bone to reconstruct the missing maxillary bone and palate, allowing for restoration of cheek volume and future dental implants. We propose that the MFC flaps can be used for a variety of maxillary defect types, as the vascularized bone graft can be used to reconstruct small to large volume defects as well as orbital floor and palatal reconstruction. The 3D printer was instrumental in creating an accurate preoperative craniofacial skeleton to base the methylmethacrylate template for maxillary reconstruction. For many years, reconstructions of the maxilla have largely been achieved using autologous grafts, alloplastic materials, and titanium implants that were manually shaped perioperatively at the surgical site. 23 However, this conventional methodology possesses notable challenges and flaws. Perioperative adaptation of maxillary implants without preexisting knowledge or accurate visualization of a patientspecific 3D craniofacial anatomy can lead to difficulties in contouring free bone flaps to their desired shape and in filling defected areas properly. These realities may not only encumber the accuracy and efficiency of the reconstruction but may also lead to more timely and invasive procedures with increased risks of postsurgical complications. 33 In this case we demonstrated that 3D printing reconstruction of a craniofacial defect allows for satisfactory model for effective preoperative surgical planning. The unique ability to mold the corticocancellous bone of the MFC flap allows accurate reconstruction of the defect based on the preoperative models. The 3D model of the free bony flap allowed for the timely transection of a customized graft that could fit accurately into the left maxillary region. This maxillary reconstruction reflects similar procedures that take advantage of preoperative 3D models to plan maxillary and mandibular reconstruction using other flaps, such as the free fibula, in the planning of osteotomy sites. Preoperative 3D models have the great potential to reduce intraoperative time and errors with an accurate preoperative template, with the result of superior functional and aesthetic outcomes. [23] [24] [25] [26] [27] This process has become more convenient and cost-effective through surgeon-based 3D printing, which allows for complete surgeon control of the microvascular perioperative planning process using home 3D printing technology. 34 There are still some limitations to the use of physical 3D models for the preoperative planning of maxillary reconstructions. While 3D templates can accurately replicate defective areas and the appropriate grafts that are needed, they lack of soft tissue details. Our patient had breakdown of his incision, exposing the bone graft, that required soft tissue coverage with an REFF 1.5 months later. This complication can be avoided by taking a skin paddle with the MFC flap based off the saphenous cutaneous perforator 35, 36 or the more distal DGA-communicating branch. 37 Our case ultimately demonstrates that a successful maxillary reconstruction can be accomplished with the guidance of 3D modeling and patient-specific 3D printed anatomical templates. The 3D technology should be used more frequently in the planning of free flap reconstruction of complex 3D osseous defects.
Conclusion
The MFC vascularized corticocancellous flap provides an excellent option for reconstruction of maxillary defects with minimal donor site morbidity. The advent of 3D printing technology allows the creation of a more precise template and thus bone flap to fit the defect, which is a perfect tool for the easily shaped and pliable MFC flap. The unique ability to mold the corticocancellous bone of the MFC flap allows accurate reconstruction of the defect based on the preoperative models. If soft tissue coverage is in question, MFC flaps can be taken with a cutaneous component based off the saphenous branch. Thus, MFC vascularized flaps have the potential of becoming a workhorse flap in maxillary defect reconstruction alongside the use of 3D printing technology.
